We present a critical review of the effects of processing conditions on the morphology of methylammonium lead iodide (CH 3 NH 3 PbI 3 ) perovskite solar cells. Though difficult to decouple from synthetic and film formation effects, a single morphological feature, specifically grain size, has been evidently linked to the photovoltaic performance of this class of solar cells. Herein, we discuss experimental aspects of optimizing the (a) temperature and time of annealing, (b) spin-coating parameters, and (c) solution temperature of methylammonium iodide (MAI) solution.
Introduction
Lead halide perovskite, specifically methylammonium lead iodide (CH 3 NH 3 PbI 3 ), is of great recent interest. Endowed with a crystal structure ABX 3 , in which the A and B cations are coordinated with the X anions, this class of perovskites has exhibited eye-catching photovoltaic performance numbers and triggered much research interest. This is largely due to its ease of processability and low cost of materials. First reported in 2012 with a 10% efficiency, the lead halide perovskite-based absorbers have more than doubled in the last four years alone. In 2016, the highest reported efficiency was 22.1%, comparable with common inorganic photovoltaic materials, such as copper indium gallium selenide and cadmium telluride.
These rapid performance milestones have been reached due to the multiple fabrication methodologies developed for these devices. Despite the plethora of recent developments, there is still uncovered ground in exploring the intimate coupling of cell processing and their resultant morphology and performance metrics. The scope of this review will focus only on the most common perovskite (CH 3 NH 3 PbI 3 ) model. Specifically, we will survey the effects of solutionbased fabrication conditions on morphology in lead halide perovskite solar cells. Since solution processed methylammonium lead iodide perovskite thin film solar cells involving sequential deposition [1] [2] [3] , solvent engineering [4] , and one-step deposition have been discussed by others [5] [6] [7] [8] , we have omitted them in this review and exclusively focus on two-step deposition methods. For the most part, we have also omitted work focusing on nucleation and growth processes [9] , mechanistic studies [5, 6, 10] , and stability of perovskites against moisture, air, and light, since that has been discussed elsewhere [11] [12] [13] [14] [15] [16] [17] . Importantly, this perspective does not focus on reporting devices yielding the highest efficiencies. Rather, we survey select ways of optimizing solution processing methods of perovskite solar cells. This is achieved by examining relevant literature examples, investigating the effects of (a) annealing temperature and time, (b) general spin-coating conditions, and (c) methylammonium iodide solution (MAI) temperature.
Annealing Temperature and Time
Since perovskite formation requires a certain amount of energy to drive the crystal growth [18, 19] , thermal annealing is typically used for formation of perovskite films. Dualeh and colleagues found that changing the annealing temperature dramatically changed the film morphology, resulting in different photovoltaic performances [20] .
The effect of annealing temperature on film morphology is clearly elucidated via scanning electron microscopy (SEM) in Figure 1 . Samples thermally annealed at 60 ∘ C show large islands of precursor materials. At 80 ∘ C and 100 ∘ C, there is increased coverage of more defined crystals of perovskites. At 120 ∘ C, the film exhibits larger sheets of perovskite. Therefore, increasing the annealing temperature leads to the merging of nuclei into sheets of material.
There is a correlation between annealing temperature and photovoltaic performance of the devices. Samples annealed at 100 ∘ C yielded the highest power conversion efficiency (PCE) of 11.66%, followed closely by devices annealed at 80 ∘ C yielding PCE of 10.64% (Table 1) . These similar PCEs are attributed to the interconnected film morphology observed in Figures 1(b) and 1(c). As annealing temperature increases, the rate of crystallization increases. High temperatures result in rapid formation of large sheets from various nucleation sites. On the other hand, lower temperatures allow for slower growth and formation of smaller islands.
While others have investigated the effect of annealing temperature and time at select temperature and time points [25] , Bi and colleagues have more thoroughly demonstrated that increasing the time the perovskite film is thermally annealed will allow more interdiffusion to occur resulting in a more homogeneous film [21] . In this work, both PbI 2 and MAI were spin-coated, and subsequent devices were constructed with a structure of ITO/PEDOT:PSS (25 nm)/MAPbI 3 (280 nm)/PCBM (20 nm)/C 60 (20 nm)/BCP (8 nm)/aluminium (100 nm) [3, 21] .
As depicted in Figure 2 , absorption spans from 400 to 800 nm, meaning the perovskite is forming within each thin film. Even the film that was only dried at 70 ∘ C for 15 minutes, having not been thermally annealed after, shows an absorption edge at about 800 nm suggesting that some perovskite is forming during the drying process. The wavelength range from 600-800 nm shows a steady increase in absorption after 1 hour and then levels off. This steady increase in absorbance suggests that the perovskite film is not fully forming after the drying step or even after 15 minutes of annealing. In order to reach maximum absorption with a constant annealing temperature of 105 ∘ C, perovskite films must be annealed for at least 1 hour after drying. Annealing after 1 hour will virtually have no effect on the amount of light being absorbed by the perovskite film. These results emphasize the importance that thermal annealing has on the interdiffusion of solution processed perovskite films.
X-ray diffraction (XRD) measurements are each labeled in the overlaid spectra in Figure 3( structure. The longer the annealing time is, the sharper and stronger the XRD peaks become. This is indicated by a decreasing FWHM as a function of annealing time for the (110) peak as indicated in Figure 3 (b). Further, the XRD peaks increase in intensity as a function annealing time as shown in Figure 3 
(c). This is consistent with the SEMs in Figures 4(a)-4(g).
Noticeably, after 3 hours of annealing, a small amount of PbI 2 appears in Figure 3 (a). This suggests decomposition of the perovskite films. For trihalide perovskites, long-term annealing after 3 hours tends to decompose the perovskite film. On the other hand, short-term annealing of 15 minutes of trihalide perovskites does not improve the crystallinity of the perovskite film in Figure 4 (a). A recent study by Ma and colleagues concluded that the crystallinity is influenced by the volatility of DMF used in the formation of PbI 2 solution [22] . Further, they suggest that using a mixed halide solution will add excess chloride ions that help improve crystallinity and morphology. Although a one-step deposition method was used for the XRD and SEM data in Figures 5(a) and 5(b), changing annealing time using the one-step method yields similar peaks and trends that agree with the two-step deposition method. In Figure 5 (a), the SEM image indicates that trihalide perovskite films annealed for 15 mins at 100 ∘ C have grain sizes that are approximately 100 nm thick. There is also some PbI 2 that shows up in the XRD. This could possibly be unreacted PbI 2 or the fact that the decomposition process is starting to occur. Figure 5 (b) illustrates a mixed halide system incorporating both MAPbI 3 and MAPbCl 3 . Long-term annealing dramatically decreases the MAPbCl 3 peak. Excess chlorine ions may form the chloride-containing amorphous phase that melts at around 100 ∘ C in mixed halide perovskite layers. During prolonged annealing, the "melted amorphous phase with highly moveable ions may supply ions needed for the growth of MAPbI 3 crystals" [22] . The evaporation of excess ions, methylammonium and chloride, promotes the transformation of MAPbCl 3 from MAPbI 3 . Crystallinity does indeed improve as seen in the SEM image in Figure 5 (b). There are fewer pinholes. The film is more smooth and homogenous with grain sizes that are about 500 nm thick. The chloride ions are reported to act as dopants and surface passivant which facilitates charge transfer at grain boundaries and electrical interfaces [35] . Mixed halide perovskite films have shown great promise with PCEs now surpassing 19% [36] . It is evident that increasing the annealing time in a mixed halide system will increase the grain sizes and film homogeneity which may lead to higher efficiencies.
There is a gradual increase in grain size as the thermal annealing time increases. This is consistent with the decreasing FWHM in the XRD data. After 15 minutes of thermal annealing, the average perovskite grain size is 190 nm. Films that were thermally annealed for 2 and 3 hours displayed the largest averages in grain size of about 350 nm and 380 nm. The maximum grain size was observed between 600 and 700 nm at films thermally annealed after 1.5 hours. Figure 6 suggests that the grain size increases the most (ca. 35%) between 60 and 90 minutes with grain sizes ranging between 230 and 310 nm. However, after 1.5 hrs of annealing, the grain sizes seem to level off. This suggests that grain sizes increase the most within the first 1.5 hrs of thermal annealing. The grain size is larger than or equal to the thickness of the film. It is clear that, with increasing thermal annealing time, the grain sizes will increase as well, allowing more interdiffusion [32] . This contributes to minimized grain boundary in the charge collection direction of the annealed perovskite films which may influence cells to have higher efficiencies [32] .
From the previous results, the length of time during which the perovskite film is thermally annealed has a critical role in the formation and morphology of the crystalline film. Generally, an increase in grain size of the perovskite crystals forms a more compact film, resulting in a decrease in the grain boundaries. These boundaries act as trap sites for charges, ultimately reducing the photovoltaic performance of the perovskite thin film. After 2 hours of thermal annealing, sc increased from 14.9 mA cm −2 to 19 mA cm −2 , while FF increased from 69% to 78% as shown in Figure 7 (a). The FF did not decrease with further annealing as shown in Figure 7 (b). The nearly 27% increase in sc and 13% increase in FF lead to optimized device performance. A PCE of 13.4% was obtained when cells were annealed at 105 ∘ C for 2 hours after drying. When the cells are thermally annealed for a longer time after drying, the series resistance decreases but exhibits more shunt resistance than those thermally annealed for shorter amount of time. In Table 2 , the shunt resistance increased from 1.51 × 10 4 Ω to 3.71 × 10 4 Ω as a function of annealing time. Generally, series resistance tends to decrease, as the annealing time of perovskite film increases. In contrast, the shunt resistance increases with increasing annealing time of the perovskite film. Interestingly, a sample that was annealed for 2 hours showed the most shunt resistance at 3.83 × 10 4 Ω. Again, it is possible to improve the film morphology and increase the grain sizes by doping the perovskite film using mixed halides. This could improve efficiencies to 19% or higher [36] . 
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Spin-Coating Conditions
The morphology of perovskite layers is intimately correlated to the efficiency of the resulting lead halide perovskite solar cell device. To facilitate the formation of these layers, one must select specific processing techniques. Among the most popular deposition techniques for the application of the PbI 2 layer and electron transporting layers is spin-coating. This technique involves the even application of thin layers of solution-based materials with adjustable spin time and rate. These parameters ultimately control the film thickness and uniformity. Unlike vapor deposition which requires a vacuum chamber for film deposition [23, 31, 37] , spin-coating does not; it affords reproducible film uniformity while being more economically feasible.
Liu et al. compared the results of the spin-coating procedure of the PbI 2 layer with that from vapor deposition [23] . After examining the films by SEM, conductivity, profilometry, UV-vis, XRD (unreacted PbI 2 ), and power conversion efficiency, they showed that the samples made by spin-coating were nearly equivalent to those made by vapor deposition technique. In other words, even though vapor deposition differs from spin-coating by the former technique using a solvent-free deposition technique, this variation in technique resulted in similar properties in the films. For example, the XRD patterns of evaporated (E) and spin-coated (S) samples are nearly identical in Figure 8(a) . Further, the top-down SEM images show roughly similar crystal grain sizes in Figures 8(b) and 8(c) .
This suggests that either the two methods apply similar layers or the MAI application step plays a larger role in crystal growth. The -curves and incident photon-to-current efficiency (IPCE) spectra were also compared, showing nearly identical results in Figure 9 .
Lastly, to compare crystallization and unreacted PbI 2 in each application method, powder XRD was performed. Both processes failed to eliminate unreacted PbI 2 and display only minor differences in crystal structure in Figure 10 . This could be due to the short MAI dipping times, which were on the timescale of a few minutes. Previously, Liang and colleagues noted that 1 to 3 hours is required for complete conversion of the film to black and uniform CH 3 NH 3 PbI 3 [38] . Notably, both methods form weakly crystalline PbI 2 layer, as observed in the broad and weak peaks in the XRD. Wu et al. also previously showed that noncrystalline, amorphous PbI 2 layers increased MAI interactions and improved perovskite formation [3] .
Currently, there is no comprehensive work on optimizing the spin-coating procedure, since optimization appears to be performed by individual labs. Though the time of spincoating is often not specified, the speed and concentrations are noted. Authors report 1600-7000 rpm and 5-60 seconds of spin-coating [1, 23, 26-30, 33, 34, 38-41] with ca. 1 M concentrations of PbI 2 . These procedures result in PCEs of up to ca. 15%. Table 3 compares various perovskite thin films, for which the lead iodide layer is applied with a spin coater. Efficiencies achieved are not directly attributed to the method of PbI 2 application. Notably, quality perovskite photovoltaic cells can be produced using this facile application method. The spin-coating speeds and time of a coating do not tell the whole story, since many procedures are vastly different. For example, Shi and coworkers follow the application of PbI 2 with a dipping method of MAI to form the perovskite crystal [29] . Eze et al. follow the PbI 2 with a spin-coating of a MAI solution [28] . Interestingly, Yella et al. followed the PbI 2 application by a 1-2-second dip of 2-propanol [40] . These protocols suggest that different procedures are often tailored for specific uses and layer thickness. Understanding the complexity and modularity of perovskite solar cells makes it difficult to specify which procedure is superior. However, it is beneficial to compare techniques and results from various groups, since spin-coating is one of the most adaptable thin film fabrication processes.
Methylammonium Iodide (MAI) Solution Temperature
A critical factor affecting the grain size of the perovskite crystals is the temperature at which the MAI is deposited onto the PbI 2 layer. Ahn and colleagues performed an experiment where the solution temperature of 0.050 MAI was varied [24] . Both the substrate and the MAI solution are preheated at different temperatures of −10 ∘ C, 20 ∘ C, and 50 ∘ C, while MAI concentration is fixed at 0.050 M. SEM imaging elucidated how the grain size is, in fact, dependent on the solution temperature of MAI (Figure 11 ). A theoretical model was also proposed to rationalize the temperature dependence of perovskite crystal formation.
As temperature of the MAI solution increases, the equilibrium concentration of the chemical reaction increases due to increased solubility of the MAI. At high temperatures, the critical free energy is higher than at low temperatures which determines the number of nuclei. This results in a decrease of the number of nuclei growing into MAPbI 3 crystals leading to an increase of MAPbI 3 grain size. In Figure 11 , the MAPbI 3 Advances in Materials Science and Engineering . § refers to a peak that is indicative of crystalline PbI 2 and * is indicative of ITO glass substrate. As the perovskite layer thickness increases, the unreacted crystalline PbI 2 also increases. Reproduced from [23] with permission from the Royal Society of Chemistry. grain size changes with temperature, which is consistent with computational analysis. An important observation is seen within Figure 11 (f) where defects in the crystal structure are observed leading to direct contact between the electron transport layer (ETL) and hole transport layer (HTL). The effect of reaction temperature on photovoltaic performance is shown in Table 4 , namely, on short-circuit current density ( sc ), open-circuit voltage ( oc ), fill factor (FF), and power conversion efficiency (PCE). As seen in Table 4 , sc increases as the reaction temperature increases, which may be related to the increase in light absorption seen with the UVvis in Figure 12 . The perovskite layer color becomes darker with increasing grain size.
However, as temperature increased, oc and FF decreased. This is most likely caused by defects seen in the SEM images. The defects, which were caused by the increase of grain size with temperature, serve as recombination sites between the HTL and ETL. Both oc and FF parameters are dependent on the thickness of the perovskite layer as well as the mesoporous TiO 2 layer. The absorbance data seen in Figure 12 shows that absorbance is highest when the MAI solution is at 20 ∘ C and lowest for −10 ∘ C. This decrease in absorbance arises from decreasing grain size. This suggests that the low absorbance observed for crystals grown at −10 ∘ C results from crystals with small grain sizes.
To elucidate the relationship between grain size and temperature of MAI solution, Ahn and colleagues utilized a series of mathematical equations. They observed that as the temperature of the MAI solution increased, the equilibrium concentration of the chemical reaction and thereby the free energy increased. Indeed, the experimental observations were consistent with mathematical findings.
Future Outlook and Conclusions
Understanding the solution processing conditions of perovskite-based solar cells remains at a nascent stage. Nonetheless, there are important challenges that must be addressed in order to fully realize their applicability. Recognizing that the crystal growth depends on the temperature, one way of boosting grain size would be to improve solution deposition temperatures, annealing times, and annealing temperatures, for example, continuing to elucidate the relationship between solution temperatures of MAI and crystal growth, since this is an underexplored research area. Current work involves replacing MAI with formamidinium iodide (FAI) to improve the range of absorption [34] . No current study exists to show the effects of solution temperature of the FAI precursor on the crystal grain size. The trade-offs between crystal growth, grain boundary size, film thickness, film absorption, and so on are sufficiently intertwined. Optimization of trade-offs might benefit greatly from computational and mathematical modeling. Indeed, this idea has proven valuable in the context of perovskite application challenges but has been inadequately explored [11, 24] . The ties between the diversity of fabrication approaches and resulting film morphology and optoelectronic and performance properties must be simultaneously understood and optimized before we can move further in this field of research.
Over the past five years, the emergence of perovskite solar cells as energy conversion devices has advanced exponentially. This is due to the plethora of experimental and theoretical studies that have been contributed to the field. However, despite their popularity, there is much room for improvement. Recent studies have suggested the importance of understanding grain size and enhanced photovoltaic performance. We suspect that simultaneous optimization of processing conditions, resulting morphology, and performance of these thin films will be possible through a collaborative effort between synthetic, computational, and materials chemists. Only then can efficient, solution-processable perovskite-based solar cells advance forward as a commercializable technology.
